The microstructure, texture and mechanical properties of Mg-1.5 mass%Zn-0.2 mass%Ce alloys extruded at different extrusion temperatures were investigated. A ''rare earth (RE)'' texture component, which laid at about 20 from h2 1 1 1 10i in an inverse pole figure, appeared in the as-extruded specimen, only when the extrusion temperature was set to 703 K. It is suggested that a high extrusion temperature of around 723 K is essential for the formation of RE texture component. Electron back-scatter diffraction (EBSD) measurements revealed that the RE texture component originated from dynamic recrystallized grains in the band microstructure around the unrecrystallized grains, in contrast to the results of previous studies, in which it originated from shear bands in the unrecrystallized grains. The specimen extruded at 703 K and subsequently annealed showed a lower yield stress and higher ductility than that extruded at 573 K and subsequently annealed, owing to the wider spread of texture originating from the RE texture component in the as-extruded specimen.
Introduction
Mg alloys have great potential for improving fuel efficiency and reducing CO 2 emissions because their high specific strength and stiffness makes them ideal for structural applications in airplanes and automobiles. 1) In Mg, (0002)h10 1 10i basal slip occurs preferentially because the critical resolved shear stress (CRSS) for the basal slip is lower than those for non-basal slips, i.e., prismatic and pyramidal slips.
2) Five independent slip systems are necessary to induce a general homogeneous deformation in a polycrystalline material without producing any cracks. However, the basal slip of Mg has only two independent slip systems. 3) This results in poor ductility and formability of polycrystalline Mg and its alloys, thereby limiting their applications.
Texture control is an effective way to improve the ductility and formability of Mg. Minor addition of special elements such as Ce, Y, Gd, La and Ca is an effective approach for enhancement of the ductility and formability at room temperature. [4] [5] [6] [7] [8] [9] [10] [11] For example, in the case of rolled Mg-Zn alloys, it was reported that a rolled Mg-1.5 mass%Zn-0.2 mass%Ce alloy sheet showed excellent sheet formability corresponding to the 5000 series Al alloys. 4, 5) The addition of minor special elements causes not only a reduction in the intensity of the basal plane texture but also spreading of the basal poles toward the transverse direction (TD). [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] The unique texture such as ''rare earth (RE)'' texture component, 16) corresponding to the h11 2 21i direction parallel to the extrusion direction (ED), is obtained during extruding of Mg-Mn-RE and Mg-RE alloys. [16] [17] [18] [19] [20] [21] [22] [23] Recently, Luo et al. 24) reported that the RE texture component also appears in an extruded Mg-Zn-Ce alloy, and it exhibits a good balance of tensile yield stress and ductility compared with an extruded Mg-Ce alloy. On the other hand, the origin of the RE texture component appearing in the extruded Mg-Zn-Ce alloy is still unknown. In this paper, the microstructure, texture and mechanical properties of Mg-1.5 mass%Zn-0.2 mass%Ce alloys extruded at different extrusion temperatures are investigated, and the formation mechanism of the RE texture component is discussed.
Experimental Procedure
Mg-1.5 mass%Zn-0.2 mass%Ce (Mg-1.46 mass%Zn-0.20 mass%Ce) alloy ingots with a diameter and height of 40 mm each were prepared. The Mg-Zn-Ce alloy ingots were extruded at 573 or 703 K with an extrusion ratio of 25 : 1, and extrusions with a diameter of 8 mm were obtained. Two extrusion temperatures (573 and 703 K) were selected in order to investigate its effects on the formation of the microstructure and texture of the extruded Mg-Zn-Ce alloys. Some extruded specimens were annealed at 623 K for 5:4 Â 10 3 s. Tensile specimens with a gage length and gage diameter of 10 and 2.5 mm, respectively, were machined from the extruded and subsequently annealed Mg-Zn-Ce alloys. Tensile tests were carried out with an initial strain rate of 1:7 Â 10 À3 s À1 . The microstructures were investigated by optical microscopy. Electron back-scatter diffraction (EBSD) analysis was carried out to study the texture by scanning electron microscopy on a JEOL JSM-5910 machine operating at 20 kV. The analysis samples were prepared from the cross section parallel to the ED.
Results and Discussion
Microstructures of the as-extruded Mg-Zn-Ce alloys extruded at 573 and 703 K are shown in Fig. 1(a) and (b) , respectively, where the observed plane was parallel to the ED. In the as-extruded (at 573 K) specimen, a band microstructure constructed by the fine dynamic-recrystallized (DRXed) grains of about 2 mm was observed at the grain boundaries of the unrecrystallized grains, which were elongated parallel to the ED. Moreover, shear bands with about 40 tilting toward the ED were observed in the unrecrystallized grains. The as-extruded (at 703 K) specimen exhibited duplex microstructures composed of unrecrystallized grains elongated parallel to the ED and band microstructure containing large DRXed grains of 20 mm. It is interesting to note that the formation of the shear bands was not detected in the as-extruded (at 703 K) specimen. After annealing, the band microstructure and shear bands disappeared, and the microstructures of both specimens transformed into a fully recrystallized grain structure, as shown in Fig. 1 (c) and (d). The average grain sizes after annealing were 18 and 27 mm for the specimens extruded at 573 and 703 K, respectively. Figure 2 shows the textures of the extruded Mg-Zn-Ce alloys before and after annealing, in the form of inverse pole figures (IPF) of the ED. Under the as-extruded condition, a strong texture peak at h10 1 10i was noticeable for the specimens extruded at both the abovementioned temperatures. This texture is known as the typical one of the extruded Mg alloys, where the basal planes are oriented parallel to the ED. 25) It is noted that additional texture peaks appeared for the as-extruded (at 703 K) specimen. One of the peaks was located about 40 from h2 1 1 1 10i ((i) in Fig. 2 (b)); the peak was attributed to f10 1 12g tensile twinning (this will be explained in detail later). Another peak was observed at about 20 from Fig. 2(b) ). It corresponded to the RE texture component. Stanford and Barnett 16) reported that the RE texture component appears only under certain extrusion temperatures around 723 K in an extruded Mg-Gd alloy. This tendency, in which high temperature of around 723 K is essential for the formation of the RE texture component, is in agreement with our results. Furthermore, they 16) pointed out that the RE texture component observed in the extruded MgGd alloy originates from shear bands in the unrecrystallized grains. There is a contrast between their results and ours, wherein the RE texture component was detected in shear bands in the Mg-Gd alloy and the band microstructure in Mg-Zn-Ce alloy, respectively.
As shown in Fig. 2 (c) and (d), the IPFs of the annealed specimens exhibited significant texture weakening, where the texture peak intensity decreased from 15 to 2.5 and from 12 to 3.7 multiples of random distribution (m.r.d) for the specimen extruded at 573 and 703 K, respectively. The texture peak of the specimen extruded at 573 K spread toward h2 1 1 1 10i, and was distributed along the arc between h10 1 10i and h2 1 1 1 10i. For the specimen extruded at 703 K, the additional texture peaks disappeared, and the main peak between h10 1 10i and h2 1 1 1 10i exhibited a wider spread toward h0001i than the specimen extruded at 573 K. This may be owing to the presence of the RE texture component in the as-extruded specimen. Figure 3 shows distributions of grain boundary misorientation of the extruded Mg-Zn-Ce alloy specimens before and after annealing. After annealing, the fraction of the low angle grain boundaries (LAGBs) dropped to a low level in both the specimens, indicating the completion of static recrystallization (SRX). 26) Both the annealed specimens (especially the specimen extruded at 573 K) exhibited one peak misorientation angle of the high angle grain boundaries (HAGBs) at around 30 , which is typically found for a wrought Mg alloy with a strong texture, and which is evidence for the peak shift from h10 1 10i to h2 1 1 1 10i during annealing. 27) After completion of SRX, the fraction of the HAGBs larger than 30 increased in both the specimens. This implies that grain rotation accompanied by SRX and subsequent grain growth contributed to texture weakening.
Next, the microstructures, corresponding to the orientations of the additional texture components observed in the as-extruded (at 703 K) specimen, were identified using the EBSD data in order to clarify the origin of the additional texture components. Figure 4 shows EBSD image quality maps and IPFs of the as-extruded (at 703 K) specimen. The orientation of the highlighted grains in the image quality maps corresponds to the highlighted area in the IPF. The highlighted area in IPF of Fig. 4(a) corresponded to the h10 1 10i component, which was the main texture component of the extruded Mg-Zn-Ce alloys. It is found that the h10 1 10i component mainly originated from the unrecrystallized grains. This result implies the reason for strong h10 1 10i component of the as-extruded (at 573 K) specimen, whose microstructure was mainly composed of unrecrystallized grains. The highlighted area in the IPF of Fig. 4(b) corresponds to peak (i) in Fig. 2(b) . It is also corresponding to the highlighted regions indicated by arrows in Fig. 4(b) . So it can be identified as the orientation of the twinning region in the unrecrystallized grains. The misorientation angle between the twins and unrecrystallized grains was about 90 , indicating that the type of twin was f10 1 12g tensile twin. 28) The highlighted area in the IPF of Fig. 4(c) corresponds to the RE texture component shown in (ii) in Fig. 2(b) . The image quality map of Fig. 4(c) indicates that the RE texture component originated only from the DRXed grains in the band microstructure. As described in the previous paragraph, Stanford and Barnett 16) reported that the RE texture component detected in a Mg-Gd alloy extruded at around 723 K originated from the shear bands in the unrecrystallized grains. Some researchers 13, 15) support the findings of Stanford and Barnett, where shear bands are regarded as the nucleation site of grains composing random and/or TD-split textures in a rolled Mg alloy. However, in our results, the RE texture component did not appear in the as-extruded (at 573 K) specimen, in which a lot of shear bands were detected. Alternatively, the DRXed grains in the band microstructure detected in the as-extruded (at 703 K) specimen were identified as the origin of the RE texture component.
The results obtained by Stanford and Barnett 16) as well as our results imply that extrusion at a high temperature of around 723 K is essential for the formation of the RE texture component. The requirement of high temperature deformation at around 723 K is likely related to a change in the deformation mode due to the activation of non-basal slips, i.e. prismatic hai and pyramidal hc þ ai slips of Mg. This is because their CRSSes strongly depend on the temperature and do not exceed that of tensile twinning at around 723 K. 29) Unfortunately, our experimental results, where the RE texture component originated from the DRXed grains in the band microstructure, were inconsistent with those of previous studies, where it originated from the shear bands. However, a few previous studies have suggested that the DRXed grains contribute to the formation of a random texture or the RE texture component. Barnett et al. 23) annotated that DRX, which is accompanied by shear localization occurring along the grain boundary regions, may contribute to the formation of the RE texture component. Moreover, Cottam et al. 21) reported that an addition of yttrium at a high level (2.71 mass%) combined with a high deformation temperature (723 K) promotes a random distribution of the DRXed grains being in contrast to strongly textured parent grains. They 21) implied that a change in the texture formation by yttrium addition is likely ascribed to a reduction in the relative CRSS for the hc þ ai slip compared with the basal slip and twinning deformation modes.
It is known that non-basal slips are closely related to the development of DRXed grains in the vicinity of grain boundaries, when a HAGB is developed by a continuous rotation mechanism, which becomes dominant in a temperature range of 573-773 K. 30) For instance, a cross-slip of hai dislocations provides for the formation of the subgrain structure. It also promotes a quick increase in the misorientation by the cross-slip of the screw hai dislocations across the subgrains and accumulation into the subgrain boundaries. 31 ) Some recent researches [32] [33] [34] reported activation of non-basal slips by minor RE addition in Mg. Therefore, it is presumed that the promotion of the activation of non-basal slips affects grain rotation process during DRX, resulting in the formation of the RE texture component in the extruded Mg-Zn-Ce alloys. The identification of the activity of nonbasal slips (prismatic hai slips and pyramidal hc þ ai slips) in the Mg-Zn-Ce alloys extruded at 703 K is still in progress. Further work to understand the origins of the RE texture component in the extruded Mg-Zn-Ce alloys is underway.
Finally, nominal stress-strain curves for the extruded and subsequently annealed Mg-Zn-Ce alloys are shown in Fig. 5 . The 0.2% proof stress, ultimate tensile strength and elonga- tion to failure are 194 MPa, 248 MPa and 20% for the specimen extruded at 573 K; and 153 MPa, 231 MPa and 26% for the specimen extruded at 703 K, respectively. The specimen extruded at 703 K exhibited a lower yield stress and higher elongation than that of the specimen extruded at 573 K. This occurred owing to the wider spread of the texture originating from the RE texture component in the as-extruded specimen.
Summary
The microstructure, texture and mechanical properties of Mg-1.5 mass%Zn-0.2 mass%Ce alloys extruded at different extrusion temperatures were investigated. The following results were obtained.
(1) The RE texture component, which laid at about 20 from h2 1 1 1 10i in the IPF, appeared in the as-extruded specimen, when extrusion temperature was set to 703 K. It originated from the DRXed grains in the band microstructure around unrecrystallized grains, and not from the shear bands in unrecrystallized grains as reported in previous studies. It is suggested that such high extrusion temperatures of around 723 K are essential for its formation. (2) The extruded and subsequently annealed specimens exhibited significantly weaker textures than the asextruded specimens. The specimen extruded at 703 K and subsequently annealed showed a lower yield stress and higher ductility than that extruded at 573 K and subsequently annealed, owing to the wider spread of texture originating from the RE texture component. 
